Abstract-We examine the application of narrative strategies to present a complex and unfamiliar metagenomics dataset to the public in a science museum. Our dataset contains information about microbial gene expressions that scientists use to infer the behavior of microbes. This exhibit had three goals: to inform (the) public about microbes' behavior, cycles, and patterns; to link their behavior to the concept of gene expression; and to highlight scientists' use of gene expression data to understand the role of microbes. To address these three goals, we created a visualization with three narrative layers, each layer corresponding to a goal. This study presented us with an opportunity to assess existing frameworks for narrative visualization in a naturalistic setting. We present three successive rounds of design and evaluation of our attempts to engage visitors with complex data through narrative visualization. We highlight our design choices and their underlying rationale based on extant theories. We conclude that a central animation based on a curated dataset could successfully achieve our first goal, i.e., to communicate the aggregate behavior and interactions of microbes. We failed to achieve our second goal and had limited success with the third goal. Overall, this study highlights the challenges of telling multi-layered stories and the need for new frameworks for communicating layered stories in public settings.
INTRODUCTION
Visualizations are increasingly central to the practice of science. They are used across scientific disciplines to analyze phenomena, from changes in our microbiomes to shifts in our climate. As more visualizations are created by scientists, they have been increasingly present in science museums. In the last decade, there have been significant efforts to bring scientific and information visualizations to science museums. Visualizations provide museums an opportunity to give the public an understanding of scientific insights. There have been several large-scale efforts to adapt visualizations for the public: the National Oceanic and Atmospheric Administration's (NOAA's) Science on a Sphere presents earth systems datasets such as tsunamis, climate models, and sea surface temperature on a large spherical display for aquariums and museums [3] ; DeepTree visualizes evolutionary data for exploration on a tabletop interface in natural history museums [14] ; MacroScope ports scientists and others into a large interactive display for a wide range of academic and museum settings [56] ; and Living Liquid created interactive visualizations for hands-on museum environments [6] . Each of these projects, as well as many others, contributed to our understanding of the opportunities and limitations of visualizations in museum settings. All of these projects, however, visualized concepts, such as currents, weather, evolutionary trees, or migration paths that are already somewhat familiar to the public. This paper examines the challenge of adapting an unfamiliar dataset for the general public from an emerging field: metagenomics. Metagenomics, the characterization of all the genetic data in a sample, is revolutionizing our understanding of microbes on this planet. The data collected contains information such as the gene expressed and the peak time of expression for these microbes. Researchers use these data to identify what species are present, what functions they perform, how these functions change over time and then infer how marine microbes interact [26, 60] . Metagenomics is the primary way researchers study microbes. Microbes play a central role in almost all aspects of life on earth [26] . Ocean microbes use energy from the sun to produce half the oxygen we breathe and drive our climate; soil microbes impact the food we eat; and scientists are just beginning to understand the complex and critical roles the billions of microbes that live in our bodies have on our health [26] .
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Despite the relevance of metagenomics to areas of great public interest there have been very few efforts to visualize these data for the public. Instead, exhibitions [4, 2, 5] rely on electron micrographs, graphics of microbes, and artist pieces. The visualization field has increasingly explored narrative elements as a strategy for engaging users in complex and unfamiliar data [55, 16, 7] . We paper examine the application of narrative strategies and animation effects to explain a complex and unfamiliar metagenomic dataset for the visiting public in a science museum exhibit called Sea of Genes. We explore how the effectiveness of animation varies when the instructional domain of the content to be learned lacks familiarity. In particular, our study examines the combination of animation and narrative strategies and how they impacted visitors interpretations and understandings of metagenomic data. First, we provide a detailed account on the design process behind developing such an exhibit. We then address limitations of narrative strategies in an informal learning environment and point out directions for research in this space. Our study aims to generate insights from using narrative and animation to explain complex and unfamiliar datasets and contribute to lessons learned in communicating the research of the increasingly important field of metagenomics.
RELATED WORK
Extensive work has been done on the application of narrative devices to the design of museum exhibits and information visualizations, use of narratives in visualization of complex data, and frameworks for ap- plying narrative techniques to information visualization design. There has also been research on the use of animation for teaching unfamiliar concepts and effective design principles.
Value of Narratives
Kosara and Mackinlay [38] define a narrative as "a clearly defined path that is composed of a sequence of ordered steps, containing either text, images, visualizations, video, or any combination of the latter". Each step can be thought of as a story that relates the who, where, when and how of an event that occurred. The ordering of these steps creates the narrative. How the order is set impacts how it is received. Storytelling is the activity of sharing a narrative. Theorists posit that narratives are fundamental to human sensemaking [15] and intelligence [53] . Research has found that stories help us connect and make it easy to remember facts. The roles and forms that narratives may serve and can take in information visualization continue to be active areas of research. For example, Gershon and Page [23] discuss the value of storytelling when developing applications in an information visualization environment . These environments process streams of information and data sources possibly in real time. Segel and Heer [55] provide a comprehensive review of narrative visualization as used by online journalists. These works motivate the value of using narrative to communicate unfamiliar and complex concepts to the lay audience.
Narrative Frameworks
Many researchers have analyzed and designed a number of methodologies and frameworks to apply narrative techniques [55, 38, 23, 34, 42] . Narratives convey a message, enhance comprehension, make transparent causality, increase engagement, and summarize and simplify a complex message. In the narrative visualization literature there are a number of approaches on how to embed a narrative. Segel and Heers case study of Gapminder Human Development Trends explores how narratives make it possible for complex information to be comprehended quickly by the user [55] . This is achieved through the use of graphical elements such as animations and the use of color schemes. Hullman and Diakopoulos discuss a set of omission techniques [34] used for simplifying complex data. Lee et al. describe a process of working with data analysts to extract only what is relevant to the story [41] . All three studies present different approaches for presenting complex data. With Sea of Genes the content is both complex and unfamiliar so we applied each of these approaches in an effort to communicate our narrative.
Gershon and Page [23] contend that conveying a story in general is more effective when images are combined with text or data. While images in themselves convey a lot of information, we need data and text to reduce the ambiguity in the message. They also identify continuity as an important element. Continuity may result from a causal flow that also enables retention and recall. If a user perceives continuity, this may also imply that they have understood the causality. Since our interest is in our users comprehending our message we explored methods to aid users in perceiving continuity.
Segel and Heer [55] provide an overview of how visual elements have been employed in traditional media such as comics, books, and films to tell stories. Their focus is on the role of graphical elements and interactivity in maintaining continuity in the flow of the narrative. They identify author-driven and reader-driven as two polar extremes of visualization. In an author-driven approach, the story is linear and the user has no control on the flow. In a reader-driven approach, there is no predefined flow. They are concerned with approaches for balancing these two extreme approaches. By blending these two extremes they hope that some continuity can be maintained while allowing the user to explore or meander, an approach we took with our design.
The previous work suggests that by using these techniques we can explain content from an unfamiliar and complex domain to novices. The application of narratives is a widely used technique in history and art museums to help visitors make personal connections to an object or a collection [12, 52] . A research study on the roles narratives play in interactive science exhibits found that enhancing exhibits with personal stories improved the exhibit experience for visitors and helped visitors make personal connections to the scientific content. However, adding stories seemed to reduce the visitors' physical interactions and explorations with the exhibit [10] . Similarly, a study looking at using a narrative introduction to describe the dataset visualized in an exhibit, found that it did not improve data exploration [43] . When and how to incorporate narrative into science exhibits remain unanswered design questions in the museum field. Sea of Genes provided us with an opportunity to assess the effectiveness of these methods and frameworks.
Animation for Learners
Research evaluating the effect animation has on learning has gone through two eras of consideration. In the first era (1990's), scientists tried to ascertain the effectiveness animation has on learning by evaluating it next to static graphics [62, 30, 45] . These studies report inconsistent or inconclusive findings on the effect of animation on learning. In particular, although Schnotz and Grzondziel [54] found animation performed better, it had an interactive component [22] confounding the benefits of animation. Tversky and Morrison. [62] were highly skeptical animation could be effective for conveying complex systems. They suggest two principles to note that provide conditions for an animation to be effective, Apprehension and Congruence. The Apprehension principle states "the structure and content of the external representation should be readily and accurately perceived." A drawback of animation is the perceptual and cognitive limitation of processing a changing visualization, e.g. complex interactions may occur too quick to be understood. The Congruence principle states "the structure and content of the external representation should correspond to the desired structure and content of the internal representation." In principle, animation should be effective for expressing changes. Most animations violate these principles. They can have too many moving parts making it difficult for a viewer to know what to observe. People conceive a dynamic process as a sequence of steps, thus violating the Congruence principle. In order for an animation to be effective Tversky [61] believes that animations must explain rather than simply show.
Recent studies investigate the effect animation has on learning rather than comparing its effectiveness to static graphics. These studies focus on understanding the cognitive processes involved in processing dynamic visualizations and identifying the steps leading to comprehension [47, 8] . Berney and Betrancourt conduct a meta-analysis on animation for learning [13] and section the factors into three main groups: (a) specific to the learners, (b) specific to the instructional material, and (c) specific to the learning context. Studies [17, 37] that address group (a) found varying prior knowledge requires varying presentation forms in order to achieve a learning task. Since our visitors' prior knowledge of the subject vary widely, due to the domain being unfamiliar, we needed to consider other ways to reinforce the animation. Chanlin [17] found animation enhanced both novice and experienced learners' learning. Specifically, for novices it helped facilitate learning of descriptive facts. Berney and Betrancourt form a hypothesis off Ploetzner and Lowe's [50] work that "well-designed" expository animations contain all the elements needed to draw learners' attention to the right place at the right time.
With our exhibit we have a complex system depicting that the interactions of microbes are driven by their genes. The work of Tverseky and Morrison [62] , though, alludes that it is ineffective to use animation to convey a complex system there are considerations and areas where we can evaluate if it can be done. By eliminating unnecessary information and directing attention to key points it is possible to address the violations. Our strategy to adhere to these principles with Sea of Genes, is to provide a narrative to link each step in the animation to explain what was occurring to visitors. We apply narrative techniques to direct visitors' attentions to each subplot of our narrative, so they are able to follow along and better infer what is to occur next. By having a narrative to stick with visitors should be able to stay focused and their mental model of what is occurring should fall in line how we present the narrative.
SEA OF GENES
Sea of Genes is an interactive visualization exhibit at a science museum. Through a collaboration between visualization researchers, graphics designers, museum exhibit specialists, and biological scientists, we designed a visualization that tells museum visitors a narrative based on a metagenomic dataset.
The Dataset
The data used for Sea of Genes was collected and analyzed by ocean researchers at the Simons Collaboration on Ocean Processes and Ecology (SCOPE) at the University of Hawaii. They provided access to parts of the dataset and assisted in interpretation. These data were the basis for the 2014 study published from University of Hawaii in the journal Science [48] . They were collected using an Environmental Sampling Processor (ESP) [11] , a glider that collects environmental and genomic data at specified depths in the ocean. Planktonic microbial assemblages were collected in the 0.225 microgram size range at 4-hour intervals and preserved aboard the ESP. Filter samples collected by the ESPs were stored at 80 • C within 24 hours of their retrieval. RNA was extracted, cDNA was generated, and Illumina sequencing was performed. Metatranscriptome reads were mapped to ortholog clusters of proteins constructed from the phylogenetic groups of interest, and a weighted transcriptomic network approach using the R packages WGCNA and igraph were used to analyze the resulting count tables. The data contain information about microbes such as: the depth of collection, gene expressed, and the peak time of expression. From this, SCOPE scientists infer which microbes are present and what functions they are performing.
Hardware and Implementation
For Sea of Genes we decided to use an interactive touch table, which have been show to encourage collaboration and attract attention [33, 36] . A feature of the museum context is the ability to support social experiences [21] . Hinrichs et al.s [31] findings suggest that using a large interactive display gives the visualization a presence within an exhibition. These displays allow people from afar to enjoy and participate and decide whether to engage further. In our previous project we used the Multitaction object-tracking table [6] . This table worked well in attracting and engaging visitors with the visualization. To take advantage of the social context of the museum we used a larger 3M 65 touch-table as our exhibit display. With this exhibit we wanted to use a larger display as well as leverage 4k resolution. It is large enough to accommodate either 6 users interacting all around it or 3 users from one side.
To support our iterative development cycle Sea of Genes is webbased and written in ECMAScript 6, JavaScript 6. We used JavaScript to develop our exhibit as it is lightweight and is great for quick and rapid prototyping. The exhibit has a configuration file that can be modified by museum staff, allowing them to control a number of parameters such as the number of microbes and length of time for the 24hour period to cycle. Since the exhibit is written in a web-based language it can be deployed on any platform. For our own development we deployed the exhibit on OSX architecture. To package for distribution we used the open source software Electron by github.io [1] .
MUSEUM CONTEXT AND EVALUATION METHODS
To understand metagenomic data, museum visitors may need significant prior knowledge, including understanding of microbes, genes, and gene expression To create an experience around this complex dataset, we worked with SCOPE scientists to (1) synthesize their research into a narrative comprised of three stories, and (2) apply techniques from established narrative frameworks to tell this narrative:
• Microbes interact with each other in a predictable daily rhythm.
• Genes turn on and off according to a daily rhythm.
• Scientists collect data about the genes of a microbes.
With the first story of our narrative, we sought to convey to visitors that microbes form communities. Microbes, interestingly enough, interact with one another in order to survive. The interactions and behaviors that these microbes exhibit during the day are different from what they perform at night, similar to us. The second story focused on how these microbial interactions and actions are a result of gene expressions. The final story is that scientists documented and found which expressed genes are responsible for a microbial function. Our design needed to convey the narrative to visitors through an exhibit. In addition, we had to consider the museum exhibit experience itself, which is often characterized as unmediated, episodic, and short. Given these constraints we needed to develop an exhibit that would effectively covey this narrative.
Museum Considerations
Museums are informal learning environments referred to as "designed environments", in which exhibits are developed and interpreted by the museum to help structure visitor experiences, in line with institutional goals and values [9] . As with other types of informal learning environments, the experience in museums, as compared to the formal setting of the classroom, is motivated and guided by personal interests rather than compulsory requirements [10, 12] . This is often referred to as a "free-choice" learning environment.
As free-choice learning environments [9] , museums employ a variety of techniques to attract and sustain visitors interests and engagement at exhibits. Horn et al. discuss possible advantages of tabletop games for learning in museums. These games motivate engagement and facilitate productive collaboration [32] . One exhibit of note is DeepTree [19] , a project that produced interactive visualizations of the tree of life on a tabletop display. Davis et al. present an account of the role of design for DeepTree in allowing visitors to make sense of large information visualization exhibits. They were interested in understanding designs that encourage collaboration among children. They explain how key elements of their design, like strategically placing features that invite attention [19] , encouraged collaboration as well as provided a medium for it to take place. Claes and Moere [18] find narrative strategies on public displays support deeper reflection on the data, connects authorship to the surrounding environment, and overcomes comprehension issues. With Sea of Genes we are interested in determining how the use of narrative design choices influenced user comprehension with an animation on a tabletop display. DeepTree is a visualization that is not driven by a narrative but is primarily an interactive tool. It is an example of teaching complex relationships through a game-like exhibit where dyads, a pair of people, can discover relationships.
Evaluation Process
Formative evaluation is an integral part of the iterative exhibit development process at the Exploratorium (Figure 3) . Depending on the complexity of the exhibit, development may entail several rounds of prototyping and evaluation, with each successive round testing more sophisticated prototypes with modifications informed by visitor feedback and behavior data collected through evaluation.
For Sea of Genes we conducted three successive rounds of prototyping and evaluation. For the first two iterations we invited visitors to use the exhibit which we placed in the Life Sciences area of the Exploratorium. The evaluator stood near the exhibit and approached every third visitor, who appeared eight years or older, who crossed a predetermined imaginary line. If the visitor was with a group the larger group was invited to participate as well. Consenting visitors were asked to use the exhibit while an evaluator took notes on their interactions. The evaluator verbally described basic aspects of the animation to the participants. They were encouraged to think aloud while they interacted with the exhibit; this was also recorded. When participants indicated that they were done, the evaluator asked the one who interacted the most a set of questions designed to gauge usability and comprehension.
For the final round of evaluation an independent evaluator, Inverness Research, conducted a naturalistic study to evaluate whether the exhibit met both the design requirements.
Creating the Stories
Using the storytelling process described by Lee et al. [41] , we spent time exploring the data and extracting data excerpts to use and support each story. We knew both the gene activity analyzed and the microbes were unfamiliar to visitors [42, 40] . We reduced the number of microbes we would focus on with the assumption it would improve visitor comprehension [34] . Our partners at UH suggested selecting microbes based on their roles in a microbial ecosystem: phototrophs (energy from the sun), photo-heterotrophs (energy from the sun and from eating other forms of energy); heterotrophs (cannot make their own energy from the sun and get by consuming other forms of energy); and viruses. Four microbes were picked for the first prototype ( Figure 2) . Next, we defined what microbial functions we would depict. We selected functions that had a strong daily pattern and functions that were familiar to museum visitors. We needed functions that had a strong daily pattern as a way to show observers microbes follow a daily pattern. To identify familiar functions we relied on the Next Generation Science Standards [40] . It specifies which science concepts are taught for each grade level and is often used to guide the design of educational experiences. The Exploratorium often designs for middle school level, however, we found that most of the functions were not covered until high school. We selected functions behind photosynthesis and cell division, which are taught by the end of high school. Viruses are not in Next Generation Science Standards, so we relied on a prior front-end study [57] that found 71 percent of teens knew viruses caused infections, and 79 percent recognized images of the type of virus used in the Hawaii dataset.
VISUALIZATION DESIGN
Sea of Genes was created using an iterative design process, shown in Figure 3 . Three iterations were designed and tested, each adding on one story of the narrative described in Section 4. The following discussion is organized according to key design decisions made during the iterative development and evaluation process.
Prototype 1
After assembling our stories, the team focused on the form the visualization should take to address the design goals of the exhibit. A previous study was conducted on Exploratorium visitors' understanding of microbes [42] . The study found that 95 percent of visitors knew microbes lived in the ocean, and that the majority (71 percent) were aware that microbes have genetic material. This study also found that museum visitors had interest in the functions of microbes. From this study we could assume visitors knew microbes have genes, and focusing on functions would be attractive to visitors.
Once we had our functions selected we worked closely with our scientific partners at the UH to create a model of microbial interaction. The model was used to simulate a twenty-four hour period describing the functions each microbe performed. We chose to present this information through animation. We felt this was a valuable opportunity to evaluate and test the capabilities of animation when used for explaining metagenomics to the public. There is some promise that animation could be effective for conveying these concepts to novices [17] . We felt this could be a good opportunity to determine if a "well-designed" expository animation really does contain all the elements needed to draw the learners attention to the right place at the right time [13] .
With Prototype 1 our intent was to have a very minimalist animation. The animation had three main elements: (1) Four main microbial characters, (2) Watery background that changed shades between night and day to connote time, and (3) Control panels that described each of the four microbes (Figure 4c ). Our animation (Figure 4a ) was driven by our curated model of microbial interaction. We created non-scientific names for these microbial characters to reinforce their functional role in the ocean ecosystem and lower the cognitive load on our visitors [44, 46, 24] . Sun Harvesters were the name given to Prochlorococcus, a microbe that makes energy from the sun. Sugar Eaters were the name given to SAR116, a microbe that lives on sugars produced by other microbes. Ammonia makers were the name given to Crocosphera, a microbe that makes ammonia. Virus was the name given to cyanophage, a virus that infects Prochlorococcus. The background would transition from light to dark blue and back over a set period to illustrate a 24 hour period. The control panels were static and only provided textual information about each microbe. The animation itself (Figure 4b ) portrayed microbes as icons interacting with one another. We included a simple interaction of tapping on a control panel to inject a microbe into the pool. The intent of this prototype was to determine if this exhibit design direction had any potential. We wanted the first story to come across, i.e., for visitors to observe that microbes are interacting.
Takeaways and Next Steps
For prototype 1, we used the evaluation process described in Section 4. We were interested in points of confusion while interpreting the animation. We also wanted to determine if the first story of our narrative could be conveyed. This evaluation was performed over four days. We recruited a total of 38 visitors 1 The majority of visitors noticed the microbial interactions and behaviors with a smaller minority noticing the day-night cycle. However, for some visitors, the noise in the form of random movement and poor assets occluded their ability to see the daily patterns encoded in microbial behavior. Our evaluation of this prototype showed visitors had interest and noticed interactions between microbes. A few were able to notice behaviors such as infection, eating, and working together. The majority, however could only glean that there is a microbial community here but failed to discern the specifics of the interaction. This may have been due to the presence of multiple animated elements and we hypothesize this prototype fell to Gestalt principle of Common Fate [49] . This principle states that we perceive visual elements that move in either the same speed or direction as parts of a single stimulus Multiple animated elements also have distracted visitors from paying attention to the background color change since there were so many microbes moving. We needed to improve how we portrayed our microbes to make clear the interactions of interest. Nevertheless, one takeaway was that this animation was successful in conveying the behaviors within a microbial community. Based on these findings it was clear that we had to improve our animation to better support visitors' interpretation of the microbial interactions and their daily rhythm.
Prototype 2
For the next version we wanted to direct visitors to the other stories of the narrative embedded in the animation. Our previous evaluation indicated that visitors were drawn to the pool of microbes interacting. However, they were only able to observe that there is a pool of microbes intermingling. As a result they could not make the inferences necessary to continue to the rest of the narrative. We needed to better guide them such that they could see the details and gain a deeper understanding. This would require improving aspects of the animation so it would become easier to perceive. Furthermore, for this version we used more of an author-driven approach for presenting the narrative to have more control on guiding visitors through story. These changes introduce more information, therefore we must consider balancing how can be presented to our visitors before they are overwhelmed [23, 13] . To accomplish these tasks we focused on the following elements of the exhibit.
• Defining the appearance of microbes and their behavior. Visual designers worked closely with the UH and PI Frazier to define how microbes and their behavior would appear in the exhibit ( Figure 6 ).
• Designing a control panel for interaction and interpretation. The key site of activity was a control panel with a well of microbes that could be dragged into the exhibit. It also contained a description of the creature and a visualization of the timing of activity in Gantt chart shown Figure 5a .
• Adding annotations to direct visitors to the layer that microbial behavior and relationships follow a daily pattern (Figure 5b ). To improve perception of each story in our narrative, we sought to reduce noise and confusion by improving the quality of assets and animations of the previous version as well as reduce the number of microbes [34, 62] . Visitors who saw prototype 1 had trouble identifying the microbes. Therefore the microbe community was slimmed down and the assets of each microbe were changed to be pseudo realistic compared to the previous icon like style. The simulated ocean animation now only contained three microbial types: SAR116, Cyanophage, and Prochlorococcus as shown in Figure 6 . We also want to reduce the amount of information visitors needed to process and allow them to now look around and see more. There were fewer more distinct animations for each microbe so a visitor could see what was occurring. The most significant addition to the exhibit was the use of staged annotations on the microbes to guide visitors to one of our stories.
With the previous iteration it was more reader-driven. For this version we wanted to assert our narrative so we added annotations to direct visitors to the stories. Annotations have been used effectively in several studies of information visualizations [34, 29, 35, 25] to add information, convey meaning, show data provenance, represent uncertainty, and highlight points of interest for users. Annotations also strengthen the narrative by drawing attention to aspects of the story we want to tell. Our annotations would pop-up and highlight an event (Figure 5b ) and reinforce when it occurred and deliver a characterized message of what was occurring. The purpose of the message was to anthropomorphize the microbe and highlight the key interactions. In marketing, anthropomorphism has been shown to have positive and significant influence on personal value [27, 51] . By providing humanlike characteristics to the messages we theorized that visitors would engage more and be able to follow the narrative. These annotations would be triggered when an observable function occurred. Only one would be triggered at a time to not overwhelm the visitor but to guide them so the can follow along with what was being presented.
Lastly, we updated the control panels (Figure 5a ) by simplifying the text and providing a Gantt chart. The introduction of an animated Gantt chart synced to the period of the day was to reinforce that these behaviors happened at a specific time. It showed the duration of an ongoing microbial behavior. These devices were introduced to evidence the time dimension of microbial behavior. Although animation implicitly illustrates time [8] , we needed to convey to the visitors the repetition of similar behaviors during the 24 hour period. To support the third story of our narrative, data authenticity we added a side panel describing the data and why scientists are interested in it (Figure 5c ). The design process of transforming the microbes into the characters of our stories. For scientists to give us input we used icons to represent each, in the further iterations we used sprites. The final image are the representations of SAR116, Cyanophages, and Prochlorococcus in Version 1.
Takeaways and Next Steps
This evaluation was conducted with 21 museum visitors recruited from nearby the exhibit prototype 2 .
Our evaluations showed that these improvements were noticed by our visitors. They continue to recognize community interaction and now could identify specific functions that occurred. We found that, similar to the first prototype, visitors understood that the exhibit was about marine microbes. The first layer was conveyed. Majority of visitors (71 percent) thought it was about the interaction of microbes, with 86 percent of visitors mentioning at least one microbial interaction when asked what they saw in the exhibit. These findings suggest that a majority of the visitors understood aspects of the first layer of the story: Microbes interact with each other. But, they continued to struggle with noticing the daily cycle, with only one-third of the visitors finding the day versus night differences interesting. This is despite Visitor8: They went on a boat and collected it in a bucket and put it in a petri dish and put it under a microscope and looked at it
For our next version we sought to improve how we convey the second and third stories. Visitors were able to track temporal changes such as noticing microbes are performing different abilities over a period. However, they did not notice the specific period when these behaviors were occurring, so we needed to put more consideration into making the time variable more evident. Finally we needed to highlight the underlying meta-genomics and meta-transcriptomics data, a fact missed by the majority of visitors.
Prototype 3: Final version
For the final iteration of Sea of Genes, we focused on conveying the second and third layers of the story by making stronger connections to the underlying metagenomic data .
Based on the Apprehension and Congruence principles [62] we hypothesized that the volume of microbes performing an action drew visitors attention much more than the animated background transition. To make the stories stand out even more we reduced noise again. We also note that the success of conveying the first layer of the story in the previous prototype may have been a result of interaction. We chose to eliminate the interaction which let visitors add microbes to the exhibit. The intuition was that the interaction distracted visitors from the animation preventing them from noticing the day to night transition. The current interaction component itself did not help to convey the story. The exhibit was now primarily an animation of microbes performing behaviors throughout a twenty four hour period.
We fixed the orientation and reduced the number of panels around the table to focus attention on the animation. We hypothesized that creating only one orientation for the exhibit might make it easier for visitors to use. We moved the label to the left side of the exhibit and removed all complex graphic elements [44, 46, 24] (Figure 7a) .
Majority of our efforts were focused on conveying that this exhibit was based on genetic data. We included the DNA helix icon on our annotations as way to hint that genes play a role (Figure 7c ). Prior evaluations suggested visitors were learning new things about microbes in the ocean and how they interact. However, two of the three layers were involved tying it to genes. These additional layers, that microbes behavior is driven by genes and that scientists collect data about their genes, needed to be emphasized further in the final version. We revised and added a number of elements to reinforce these two stories:
We hypothesized that a Gantt chart was not the most effective representation to convey the nature of the underlying data. We designed a new representation to show genomic data which was placed in the legend for each microbe (Figure 7b) . The representation the team settled upon was similar to Circos visualizations. Circos visualizations have been used twice in the New York Times to supplement stories on metagenomics and comparative genomics, as well as a number of magazine covers [39] . Each gene related to a particular behavior was grouped around the circumference of the circle (all of the photosynthesis related genes under Preparing to Make Sugar). Each gene had an activity range and was displayed as a dynamic histogram. The more active a gene, the higher the amplitude of the bar. So through the course of twenty-four hours different areas of the circle would have waves of gene activity, similar to an equalizer. The new label focused on telling the third layer of the story of how the data was collected, and how the representations in the visualization were linked in four steps: (1) Collect Water; (2) Extract DNA; (3) Analyze Gene Activity; (4) Tell the story.
To reinforce genetics are a key component of what was being observed we made the following additions: A large title that included the word genes (A Sea of Genes), the legends and microbe annotations were adapted to refer to genes and the iconic DNA helix was added to the middle of the gene activity wheel and the annotation boxes.
Final Evaluation
For the final evaluation, we contracted with an external museum evaluation group, Inverness Research, to perform the study using mediated interviews. Their mediated interviews indicated that visitors could not figure out what to do or where to begin at the exhibit, and were often confused. For example, seven visitors from the 13 groups we conducted mediated interviews with said they were not sure where to start or what to do. As an example, A mother in Visitor Group A:
Visitor Group A: Honestly, its way over my head. I'm interested in whats happening, I just don't know what to do and I can't understand it. I guess there are Sun Harvesters and Sugar Eaters? There is a lot of empty space. I keep waiting for something to happen. My instinct is to ask how do I make it work so I can learn something? But I can't make it work. So there are three types of genes? In terms of the extent to which the exhibit helped visitors have an awareness that scientists study oceans by collecting and examining data, two visitors we spoke with in mediated interviews about the text understood that scientists collected data while on boats, and that something about what they collected is represented on the screen of the table. However, they did not identify the activation of genes as the data that was represented.
Despite our efforts at simplifying the exhibit, visitors were still extremely confused by what was happening or the intent of the exhibit. Usability problems made it difficult to determine if we could convey the last two stories.
DISCUSSION
The intent of the Sea of Genes exhibit was to visualize different aspects of a complex metagenomic dataset to show the public new concepts about ocean ecosystems and how they are studied. We used narrative strategies described in our related works to construct and tell a set of stories. Overall, not all aspects of the story could be conveyed to visitors. We reflect on the strategies we applied to better understand visitors challenges with this exhibit.
Storytelling. Prototype 1 was based on classical approaches to developing a narrative [41, 38] . We worked with domain experts to extract important stories and insights. The purpose of this prototype was to tell the first layer of our story that microbes interact with one another and that these interactions follow a daily pattern. This narrative was told over a twenty-four hour loop and time moved the story along. To emphasize microbial behaviors, at any given point in simulated time multiple identical behaviors could be observed. The random movements were needed to inject variation and enhance the perception of reality.
Evaluation of Prototype 1 showed that an animated story based on the microbial data would be a promising direction. Majority of the visitors recognized part of the first story microbes interact and the nature of the interactions and behaviors change over time. However, only a small minority noticed the the other layer of the story, interactions during the night were different from that during the day. Furthermore, in both prototype 2 and 3 the additional layer telling how genomics drives the interactions seen was not noticed. We hypothesize that since museum visitors are motivated and guided by personal interests [10, 12] they are more likely to not see more than the first layer of a story. It is likely that the viewers were overwhelmed with the other information and not observe more of the story. While they noticed that behaviors changed they may have required more cycles to recognize the daily pattern. In short, the layered story is too complicated for the viewers to identify in one cycle and is not sufficiently rich to hold attention over multiple cycles.
Animation. With prototype 3 our evaluations indicate that visitors found it unusable. Looking back at prototype 2 we improved assets again, streamlined it so the visualization could be seen from one direction, introduced 3 cards with a Circos visualization (Figure 8 ), and provided a side panel with information. Tapping on a card would highlight the microbes affected by the expression. Color was used to highlight and link the microbes to their corresponding Circos visualization (Figure 7a) . When reading the evaluation we initially hypothesized we overwhelmed our users with the domain. The connection between the genes being expressed and the observed actions was too difficult to communicate. The evaluation reports show that within 10 seconds visitors were to overwhelmed and confused with what was presented. Many of them left. Visitors reported that it wasn't clear what to do. The differences in prototype 2 and 3 are relatively small. Yet, we find significant differences in how these two prototypes were experienced. The biggest change was the introduction of a Circos visualization. We hypothesize that this additional animation was a factor in overwhelming visitors.
With prototype 3 we adhered to the Congruence principle [62] tightly. We reduced microbes to reduce redundant and uninformative animations. What remained were the minimal necessary set of animations and visuals based on our evaluations from prototype 2. In prototype one our animation was caught in the Gestalt principle of Common Fate [49] . By applying and addressing aspects about the Apprehension principle [28, 62, 59] in prototype 2 we were successful in having visitors follow the first layer of the story. Visitor frustrations did not cross the threshold where they deemed the exhibit unusable at this point. Prototype 3 introduced an animated Circos visualization which we believe could have been a factor that resulted in the exhibit to be unusable. However, when we used an animated Gantt chart we did not find a similar reaction. It is possible the amount of animated movement scaled from the Gantt to the Circos chart more than the amount decreased in the central animation. Even though the increased animated movement is subtle from Gantt to Circos. Both animations were separate from the larger and in similar locations.
From prototype 2 to 3, we removed considerable additional information that could confound our visitors and simplified the rest. Reduction of six cards to three, fixed orientation of visualization, cleaner more polished assets, fewer microbes on screen as well, and simpler text. Suggesting that there is a threshold for the number of unique animated transitions occurring at once that can be processed before viewers are overwhelmed and confused.
Data Authenticity. Prototype 1 was largely successful in conveying the targeted layer. A minor issue was its inability to convey clearly the daily pattern. Encouraged by these findings, in Prototype 2, we tried to add another layer of the story, while strengthening the daily connections in the first layer. The purpose of this layer was to convey was that the exhibit was portraying microbial data scientists had gathered from the ocean and not in a laboratory. To emphasize the daily pattern, we reduced the noise and complexity by eliminating some ancillary features and removing microbes. To aid comprehensions we incorporated annotations and other text [34, 29, 35, 25] . Finally, we added text to convey the provenance of the underlying data.
Even with these changes, we did not observe any change in the storylines that the visitors comprehended. Most visitors continued to recognize that microbes interact. Once again, they failed to observe the daily pattern in the behaviors. However, the changes made it easier for visitors to notice the interactions and behaviors. In short, the changes enhanced the comprehension of the same story lines that captured attention in prototype 1, but did not augment the set of ideas that visitors recognized. The variations between night and day clearly did not stand out. Finally, the visitors failed to infer the scientific process for this research from the exhibit.
Linking to Genomics. In the third prototype, since changes in behavior were being recognized, we sought to also convey the underlying genomics. Prototype 3 conveyed less than the previous prototype. The viewership declined and those who did visit the exhibit spent less time. The new features appear to have overwhelmed the observers. The exhibit seems to have failed the "immediate apprehendability" criteria that [9] postulates as a critical requirement for exhibits in a museum.
Apprehendabilty implies " people introduced to it for the first time will understand its purpose, scope, and properties almost immediately and without conscious effort."
Lessons. This exhibit was an ambitious effort to convey stories about the interactions and behaviors of microbes and the underlying genomics to the public. We were able to convey the first layer of our story; however, when we attempted to add layers to our story in parallel, we failed.
We see the need for additional research on how to to present a layered story in a busy public setting. In particular, further research on how to navigate between reader and author-driven methodologies in an interactive exhibit. When the content is complex and unfamiliar we find reader-driven approaches are less effective due to an increased cognitive load on visitors while navigating this material. We see this phenomena in our our first and second prototype. However, if we solely apply author-driven methodologies the visitor's task is mostly observation. As a result, we find in our evaluation of the third prototype visitors experienced a loss of engagement and left the exhibit.
Narratives are predominantly linear and are most effective in conveying a single perspective. According to Spiro and Jehng [58] , "linearity of media is not a problem when the subject matter being taught is well structured and fairly simple. However, as content increases in complexity and ill-structuredness, increasingly greater amounts of important information are lost with linear approaches." Can we create visual narratives that permit multiple perspectives and allow different narrative flows? As Hullman and Diakopolus [34] point out conveying a point of view requires careful over-emphasis. It is well known that multiple perspectives are needed to learn complex topics [20] . We do not have good frameworks for classifying story complexity in a manner that can inform visualizations. A simple narrative has one causal pathway and is unidirectional. How do we characterize structures that are more complex? A taxonomy may allow us to develop visualization techniques. Effective storytelling is subject of interest to a diverse group of researchers in social sciences, computer science, and biological sciences. A taxonomy may allow us to map findings from these disparate domains and develop theories and guidelines. One approach could be to use graph theory. Here milestones, events, or information would be nodes and the flows or connections would be arcs. A simple story is a unidirectional planar graph with no branches. Let us call this a basic graph. In our narrative, we had a more general network. The activities of each microbe is close to a basic graph. The activities of different microbes interact creating a more general graph. Since these flows occurred in parallel and all share the same time dynamics we have a directed graph. The role of genes however changes the structure of the graph. We could view the genomics as nested information. Embedded in each node corresponding to an activity of a microbe, there was genomic data. In our visualization, we visualized the embedded data in a narrative that was occurring in parallel in a separate space. Our inability to connect effectively these two stories for the visitors suggests that for these types of graphs we need to consider other visualization techniques. In short, we contend that there is a need for a richer taxonomy. The graph approach appears to be promising and merits further exploration.
CONCLUSION AND FURTHER WORK
In this paper, we reviewed our process for designing a museum exhibit to present complex data to the public. We reflected on our design choices and found reasons as to why it was unsuccessful. Despite multiple iterations of design and evaluation, we did not achieve all our goals. We created an animation of metagenomic data (i.e., interactions and behaviors of microbes) and embedded three narratives into it. However, as we adapted and iterated our exhibit to be closer to the complexity of the underlying data visitors became too overwhelmed. The few who understood what to do had difficulty linking animation to the underlying data. The introduction of an animated supplemental visualization crossed a threshold for what our visitors could comprehend. The use of narrative strategies to alleviate these issues worked for a single layer of the story. Yet, we were unable to bridge different layers to illustrate microbial behavioral patterns to their underlying genetics or how data is collected and used by scientists. We find animations with narration over it the ability to tell and convey layered stories. Where the audience is heavily guided by the narrator's voice and is able to understand the nuances and depth in a story. Overall, visitors were simply overwhelmed by the amount of information being presented. Our team has successfully created interactive visualization exhibits in the past, but Sea of Genes presented us new challenges leading to new lessons learned.
Based on naturalistic observations and mediated interviews, we found that visitors could not understand where to start or how to interact with our exhibit. Similar to how interactive visualizations enable researchers to make discoveries, visualizations are a key component of scientific literacy. We hope this case study will stimulate additional research in approaches for visualizing complex data for the public to explore in physical settings like museum and visitors centers.
